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PREFACE 
This thesis is divided into two parts, each part 
corresponding to a separate research project. The first 
deals with the detection of gamma rays of energy greater 
than 500 GeV from Cygnus X-3, a periodic X-ray source, 
via the atmospheric Cerenkov technique. The observa­
tions were carried out at the Jet Propulsion Laboratory 
Edwards Test Station, Edwards AFB, California, from 
August 28 to September 6, 1981. The twin 11 meter dia­
meter mirrors at the solar research facility of the 
Jet Propulsion Laboratory were used in the observations. 
The results reveal periodic gamma ray emission from 
Cygnus X-3 modulated at the same period and in phase 
with the X-ray emission. 
The second part describes the results of a study 
of the 100 MeV sources in the galaxy as seen by the 
COS-B satellite. The observed gamma ray flux distri­
bution may be deconvolved to find the distribution of 
emissivity in the galaxy. This leads to estimates of 
the fraction of the total emission originating in dis­
crete sources, the total number of sources in the galaxy, 
and their combined luminosity. 
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PART I. ULTRA HIGH ENERGY GAMMA RAYS FROM CYGNTJS X-3 
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I. INTRODUCTION 
The gamma ray region of the electromagnetic spec­
trum has been the last to be exploited as a channel for 
astronomical investigation. Gamma ray astronomy was 
originally expected to be a very productive enterprise 
(Morrison 1958), but the techniques proved extremely dif­
ficult. Above approximately 5 MeV the dominant inter­
action between photons and matter is via pair production 
and the gamma rays are converted high in the atmosphere, 
at mass column densities of several gm/cm , So to de­
tect cosmic gamma rays one must not only use detectors 
employing massive target materials, but these detectors 
must be carried above the atmosphere by balloons, 
rockets, and satellites. The weight of the material nec­
essary to convert the photon to an e*-e" pair in a rel­
atively small volume constrains the size of the detectors. 
As a result, gamza ray astronomy has been slow to devel­
op as an experimental science. 
Several attempts to detect cosmic gamma rays with 
relatively simple balloon-borne detectors in the late 
1950s, and the 1960s, all failed. However, during the 
19bOs, the experimental techniques and hardware were sig­
nificantly improved. This led to the detection of gamma 
rays with energies above 50 MeV by Kraushaar et al. (1972) 
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from the galactic plane with the peak flux coming from 
the region of the galactic center. Little progress could 
be made from this point because of the short observing 
time available from this type of balloon or rocket based 
experiment. In late 1972, the Second Small Astronomy 
Satellite (SAS-2) was launched. The gamma ray instru­
ment aboard had a much better angular resolution (2-5°) 
than previous ones (10-30°) and an order of magnitude 
increase in sensitivity (Derdeyn et a2. 1972), The 
results obtained by SAS-2 provided a vastly improved and 
refined picture of the galaxy in gamma rays above 55 MeV 
(Pichtel st 1975)* A similar instrument, COS-B, was 
launched in 1975 by the European Space Agency which has 
further refined our understanding of gamma ray astrophysics. 
(Mayer-Hasselwander et 1982 ), Even with this level 
of activity, the low flux at these energies has limited 
the total number of gamma rays above 100 KeV ever detect-
ed to approximately 10 , 
An additional motivation for the study of cosmic 
gamma rays comes from the related field of cosmic ray 
physics. The production of high energy photons requires 
the presence of particles of even higher energies. 
Since most cosmic rays are electrically charged, and 
interstellar and intergalactic space are permeated with 
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magnetic fields, cosmic rays are deflected from their orig­
inal trajectories and arrive at the earth more or less 
isotropically. However, the gaimna rays co-produced with 
or produced by the particles are undeflected. So their 
arrival direction is the same as the direction to the 
gamma ray source and to a possible cosmic ray source as 
well. At the present time, gamma ray observations repre­
sent the only tool available for investigation of the 
origin of the cosmic rays. 
The gamma ray emission is composed of two differ­
ent components, one due to diffuse processes and one due 
to localized sources. Approximately 25 discrete sources 
have been found by the SAS-2 (Kniffen et 1978) and 
COS-B (Swanenberg et 1981) satellites, most of which 
have not been identified with objects at other wave­
lengths. In general the mechanisms for emission by these 
sources are totally uncertain. The spatial distribution 
and luminosity function of the sources are also unknown. 
In this work, one of these sources, Cygnus X-3, 
a variable X-ray source, is studied at ultra high ener­
gies using the atmospheric Cerenkov technique. 
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II. THE ATMOSPHERIC CERENKOV TECHNIQUE 
A high energy gamma ray or particle entering the 
earth's atmosphere initiates an electromagnetic cascade 
shower very high in the atmosphere. The electrons and 
positrons in the shower that have energies above the 
Cerenkov threshold (approximately 50 MeV in air) produce 
Cerenkov radiation into a narrow cone whose axis is the 
trajectory of the emitting particle. If the energy of the 
primary charged particle or photon is less than about 
10^^ eV the secondary particles produced in the shower are 
absorbed in the atmosphere, but the optical Cerenkov light 
penetrates the atmosphere reaching ground level. Detailed 
Monte Carlo calculations of the properties of the photon 
and charged particle induced showers have been carried 
out by Browning and Turver (1977) and Turver and Weekes 
(1977), They find that a primary of energy 1000 GeV will 
develop a Cerenkov air shower containing approximately 
10^ Cerenkov photons. The light pulse will pass a given 
observer in a few nanoseconds. The spectrum of the 
radiation that penetrates the atmosphere is peaked in T,hc 
wavelength range 2500 X to 4500 2. If the air shower 
develops at an altitude of approximately 10 km, then the 
8 2 light pool is spread over an area as large as 10 cm 
with a strongly peaked photon density towards the center 
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of the shower core . The large area over which the Cerenkov 
pulse may he detected is the major advantage of the atmos­
pheric Cerenkov technique for gamma ray astronomy. Sources 
of gamma rays observed at lower energies exhibit differen-
tial energy spectra which fall as rapidly as E" or faster 
so that the flux at 100 GeV is down by a factor of 10^ 
— 6 P from the already low values of about 1G~ photons/cm -sec 
for the loo MeV sources. At this flux level, an average 
2 
satellite or balloon-borne detector of area 500 cm will 
detect only two gamma rays above 100 GeV per year. But, a 
small light receiver viewed by a photomultiplier at its 
focus can detect the Cerenkov pulse if it is anywhere in 
Q O 
the Cerenkov light pool (10 cm ) giving a detection rate 
of 2 photons/min. This fact makes the atmospheric 
Cerenkov technique unrivaled for detecting ultra high 
energy gamma rays in the range 10^^ e7 to 10^^ eV. 
The calculations of Browning and Turver (1977) 
show that the Cerenkov photon density at ground level is 
small, b\it that it increases with increasing primary 
energy. Also, although the source of the gamma rays may 
be a point source on the celestial sphere j Coiî.lomb scat­
tering of the shower particles and the approximately 1° 
emission angle of the Cerenkov light combine to reduce 
the angular resolution to about 1?5. This is better than 
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the angular resolution of the satellite-borne gamma ray 
detectors, which is generally limited to greater than 2°. 
These two energy dependent factors, the low flux of the 
Cerenkov light at ground level and the limited angular 
resolution, are the only intrinsic limits on the technique. 
However, there is considerable background to contend with, 
produced by light from the night sky (stars, reflected 
ground light, etc.) and from atmospheric Cerenkov radi­
ation produced by charged particle initiated air showers. 
The night sky background provides an intensity of approz-
7 o 
imately 7 x 10 photons/cm'"-sec-ster when the field of 
view does not contain any bright stars. This background 
can be reduced by limiting the field of view to a small 
solid angle around the celestial object of interest, 
A second and more important means of background rejection 
is the demand that the pulse be observed in coincidence 
between two or more photomultipliers* with a resolving 
time of 5-10 nanoseconds. The fluctuations in the night 
sky background light on these time scales are much weaker 
t h a n  t h e  C e r e n k o v  p u l s e s  ( s e e  F i g u r e  3  a n d  F i g u r e  4 ) ,  
With this source of background eliminated, charged particle 
initiated Cerenkov air showers produce the only major 
remaining background to the gamma ray experiments, (Note 
that the charged particle cosmic rays are approximately 
90% protons so the background that they produce will 
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henceforth, be referred to as the proton background). The 
proton initiated events are difficult to discriminate 
against. However, as the energy of the primary decreases 
the proton initiated air showers become less efficient at 
producing Cerenkov radiation. The reason for this is 
that protons channel a significant fraction of their 
energy into muons, which at comparable energies emit 
only around 5% of the Cerenkov radiation of electrons. 
(Tui*ver and Weekes 1977). 
The Cerenkov air shower rate is observed to be 
roughly proportional to the area of the mirror used to 
collect the light, so it is advantageous to use mirrors of 
large area in order to improve the statistical quality of 
the data. Since the energy spectrum of the primaries is 
almost certainly decreasing with increasing energy for 
both protons and gamma rays, an increase in the rate im­
plies a lowering of the energy threshold for air shower 
detection. The increased Cerenkov efficiency of gamma 
rays over protons as the threshold decreases enhances the 
gamma ray signal. 
The earliest cosmic ray experiments employing the 
ground based atmospheric Cerenkov technique to detect 
primary particles with energies above 1000 GeV were per­
formed by Galbraith and Jelley (1955*1954) and Chudakov 
9 
and Nesterova (1955). Both experiments employed extremely 
simple detectors consisting of small (25 cm) parabolic 
mirrors viewed by 5 cm photomultipliers. Since the late 
1950s, approximately 25 ultra high energy gamma ray exper­
iments have employed the atmospheric Cerenkov technique. 
These are reviewed by Porter and Weekes (1978), Most of 
these experiments have resulted only in the establishment 
of "Upper limits on the flux from the various objects ob­
served. The remarkable positive detections are 1) the 
nearby radiogalaxy Centaurus A (Grindlay i975), 
2) the Crab pulsar, NP0532, observed on several occasions 
at the pulsar period, but at low levels of statistical 
significance and varying phase, 3) Cygnus X-5, a variable 
X-ray source which is the object of this work (Vladimirsky 
et al. 1973; Danaher et 1981), and possibly 4) the 
Vela pulsar, NP0835, by the Tata Institute (Bhat 
et al, 1980), but this observation has not been confirmed. 
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III. PREVIOUS RESULTS ON OYGNUS X-5 
Cygnus X-3 is a variable X-ray source discovered by 
Giacconi et al. (1967), The source has since been observed 
at radio, infrared, 100 MeV, and 2000 GeV energies as well, 
Cygnus X-3 displays a characteristic 4.8 hour periodicity 
at all but radio wavelengths. Absorption studies indicate 
that Cygnus X-3 lies at a distance of greater than 10 kpc 
from the earth (Lauque et 1972) and possibly as great 
as 30 kpc (Weekes et 1981b). An additional periodicity 
has been reported in X-ray observations of 34.1 days 
by several groups, but this is not well-established. 
The light curves in the X-ray and infrared regions 
of the spectrum have a nearly sinusoidal shape, exhibiting 
a slightly slower rise to maximum (with phase width 0.5) 
and a slightly sharper fall to minimum (width 0.4) than a 
pure sine wave (Parsignault et 1977). This light 
curve shape can be reproduced by models of Cygnus X-3 in 
which a binary system containing the source of X-rays and 
gamma rays is 1) bathed in a strong stellar wind generated 
by the companion star, which scatters the emission from 
the source (Davidsen aind Ostriker 1974) or 2) surrounded 
by a cocoon of gas upon which the companion casts a shadow 
that changes during the binary orbit of the system 
(Milgrom and Pines 1978). If Cygnus X-3 is a binary 
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system, one of the constituents is constrained to be a 
compact object (i.e. a white dwarf, neutron star, or black 
hole) by the shortness of the binary period: 
The luminosity of the system is variable at all 
energies, Hjellming (1973) observed radio flaxes from 
Cygnus X-3 during which the radio luminosity under went 
increases by factors as great as 10^. These outbursts 
are aperiodic and the increase in flux during a given 
flare is frequency dependent. 
The infrared light curve is unstable, the amplitude 
of modulation varying between zero and the X-ray amplitude 
(Becklin et 1975). 
The Moscow Engineering Physical Institute claims the 
detection of Cygnus X-3 at energies above 40 MeV from 
balloon experiment data (Galper et 1977). The SAS-2 
satellite observed gamma rays with energies greater than 
35 MeV from Cygnus X-3 (Lamb et sd. 1977) at flux levels 
well below those reported by Galper et (1977). The 
COS-B satellite observed the region containing Cygnus X-3 
several times but has never seen the 4.8 hour modulation 
seen by SAS-2 (Bennett ^  1977; Swanenberg et al. 
1981), The 100 MeV flux seen by SAS-2 was found to be 
100% pulsed at the X-ray period. The gamma ray light 
curve (Lamb et 1977) has a shape similar to the X-ray 
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and infrared light curves. The gamma ray luminosity in 
the energy range 35 MeV to 200 MeY is 10^^ erg/sec if the 
distance is 11 kpc, making Cygnus X-3 the most luminous 
gamma ray source in the galaxy. 
In 1972, Vladimirsky et a2, (1973) first observed 
ultra high energy gamma rays from Cygnus X-3, using the 
atmospheric Cerenkov technique. Further observations at 
the Crimeain Astrophysical Observatory from 1972-1979 
(Stepanian et 1975; Neshpor ejt al. 1979) revealed a 
periodic 4.8 hour component and a random component, at 
energies above 2000 GeV, The ultra high energy emission 
from Cygnus X-3 has been confirmed by two other groups 
(Mukanov et 1979; Danaher £t 1981). The obser­
vations of Danaher ejt (1981) were contemporary with an 
observation of the region by COS-B. The X-ray detector on 
the COS-B satellite observed an overall increase of a fac­
tor of 4-6 over the 40 days of observation. In addition, 
the X-ray light curve changed in shape, becoming more 
nearly sinusoidal, between May and early June, 1980 
(van der Klis and Bonnet-Bidaud 1981 ; Bonnet-Bidaud and 
van der Klis 1981), If the observations of Danaher et al, 
(1981) are divided into two sections, corresponding to 
before and after June 7, 1980, it is seen that their de­
tection of Cygnus X-3 is mainly due to the second part. 
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This suggests that the changes in the gamma ray emission 
and the X-ray emission may he correlated (Weekes et 1981a). 
The ultra high energy gamma ray light curve seen by 
the Crimean group has two narrow peaks, each of phase 
width 0.06, separated by 0.6 in phase. The light curve 
determined from the observations of Datiaher et (1981) 
reveals a single peak of phase width 0.1, located at the 
position of the smaller peak in the Crimean results. No 
emission was detected at the phase of the main peak in the 
Crimean data. The peak in the Danaher et al. (1981) re­
sults and the secondary peak in the Crimean results are 
in phase with the observed X-ray maximum. 
The best position for Cygnus X-3 is determined by 
o 0 
radio measurements to be R,A. = 307.657 and Dec = 40.788 
(1950.0). 
IV. DESCRIPTION OP THE OBSERVING SITE 
Application of the atmospheric Cerenkov technique 
requires a site with clear night skys during that part of 
the year when the object of the experiment is sufficiently 
high in the sky. In addition , the moon must either be in 
its new phase or be below the horizon during the night. 
All of these factors depend on the geographic location of 
the observing site. Also, as discussed in the preceding 
section, large mirrors are needed to obtain high quality 
data in the least amount of observing time. The ideal 
observing site is then a dry, high altitude location with 
an installation of two or more large parabolic mirrors on 
fully steerable mounts. 
The Jet Propulsion Laboratory's Parabolic Dish Test 
Site is precisely such a site. Located at Edwards Air 
Force Base, California, in the Mohave desert, the Para­
bolic Dish Test Site (PDTS) is at an altitude of 700 m. 
The major installation there consists of two 11m diam­
eter parabolic mirrors that are used to concentrate solar 
radiation for the purpose of testing solar heat engines. 
This work can be done only during daylight hours so that 
the mirrors are idle during the night, leaving them free 
for use in the gamma ray experiments. 
The mirrors are 11 meters in diameter with focal 
lengths of 6.6 meters. The surface of each mirror is a 
15 
tesselated structure composed of many rectangular facets 
2 
of average area 0.2 m . There are three different types 
of facet, each with different spherical radius of curva­
ture. The facets are mounted on a parabolic frame with 
the higher curvature types at the center, approximating 
a true parabolic surface. At the focus of the mirror, the 
image of a point source has a diameter of approximately 
10 cm. The frames are on essentially fully steerable 
altitude - azimuth mounts, with stops at 88° altitude and 
- 2,5° azimuth. 
As mentioned earlier» the photons from the Cerenkov 
air showers have wavelengths that peak in the blue and 
near ultraviolet so it is imperative that the mirrored 
surfaces reflect light at these wavelengths efficiently. 
A monochrometer was use to measure the reflectivity 
(defined as the reflected light intensity/ incident light 
intensity) of the FDTS mirror material. The results are 
shown in Figure 1 . The mirrors demonstrate a high 
o o 
reflectivity between the wavelengths 5000 A and 6000 A. 
This is important since the effective collection area of 
the dish is reduced by a factor equal to the mean 
reflectivity of the material in the wavelength range of 
the Cerenkov air shower photons, i.e. by a multiplicative 
factor of approximately 0.8. 
Figure 1 • Reflectivity of the PDTS mirror material 
/ 
4000 5000 
WAVELENGTH (Â) 
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The two parabolic dishes or receivers do not lie 
on a north - south line but rather on a line which is 
rotated clockwise from north - south by 16°. The centers 
of their bases are separated by 80 feet. The terrestrial 
coordinates of the site are 34°59'27" latitude and 
117°52'18" longitude. 
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V. THE DATA ACQUISITION SYSTEM 
Each receiver is equipped with a large ring, located 
in the focal plane, for the mounting of equipment at the 
focus. Du? to the size of the receivers and the altitude-
azimuth method of mounting, the apparatus ring is always 
at least 8 meters above ground level. In order to mount 
the photomultipliers, a mobile hydrolic platform was used 
to raise the apparatus (as well as the experimenter) to 
the focal point. 
The gamma ray experiment was conducted under the 
constraint that there be no interference with the ongoing 
solar energy research at the facility. This dictated the 
use of a 5" photomultiplier on receiver A (the southern 
most receiver) because of a water cooled insert mounted 
in the ring which reduced the available space for addi­
tional equipment. No such restriction existed for receiv-
OT* R C!0 A M Y>V> + ttroo C Ci (T 
inally planned. 
The photomultipliers were mounted in such a way 
that they could be removed after each nights observing to 
protect them from the bright sunlight and the extreme 
daytime temperatures at the site (average 115"i"). 
The signal from each photomultiplier was trans­
mitted via high quality. 50 ohm impedance coaxial cable 
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to fast electronics and data storage facilities located 
in a "building 50 meters from the receivers. Each photo-
multiplier signal followed a path as indicated in Figure 
2 in which each fast signal was first amplified and then 
discriminated at a predetermined level. For the June -
July observations this level was chosen to be well into 
the Cerenkov signal portion of the rate curves, approx­
imately 6 dB above the break in the curves shown in Figure 
3 and in Figure 4 . The resulting single receiver count­
ing rates (singles rates) were approximately equal to 
7 counts/sec and the coincidence rate was approximately 
60% of this (4- counts/sec). During the August - September 
observations the trigger attenuation was lowered, moving 
the signal threshold for single events into the noise 
region of the rate curve (below the break in the curves, 
at attenuation less than 1,5 dB). This increased the 
singles counting rate by a factor of 10 - 100, while the 
coincidence rate nearly doubled. Unfortunately, other 
unavoidable factors acted to reduce the coincidence rate. 
These observing modes are discussed further in section VII. 
The data acquisition system was controlled and 
monitored by a DEC LSI-11 microcomputer system with soft­
ware written specifically for the experiment. All avail­
able data from each incoming coincidence event could be 
Figure 2 . Block diagram of the data acquisition system 
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5" TUBE (1400 VOLTS) 
r 
TRIGGER AHENUATION (dB) 
Figure 3 . The rate curve for the 5" photomultiplier. 
The solid line "below 1.5 dB represents the back­
ground photon spectrum. The region of the curve 
"beyond 1.5 dB is the Cerenkov photon spectrum 
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8" TUBE (1930 VOLTS) 
PO 
% 
% 
TRIGGER ATTENUATION (dB) 
Figure 4 . The rate Curve for the 8" photoiaultiplier. 
The solid line below 1,25 dB represents the back­
ground photon spectrum. The region beyond 1.25 dB 
represents the Cerenkov photon spectrum 
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monitored from the computer console at the request of the 
user. During each drift scan , the data recorded for each 
coincidence event included the signal pulse height from 
each detector, the signal pulse height corresponding to 
the difference in the time of arrival of the signal at 
each photomultiplier, and the absolute universal time to 
an accuracy of 0.1 ms. The three pulse heights were dig­
itized by a 16 channel analog-to-digital converter in­
stalled in the computer backplane. The absolute time was 
provided by an internal interval timer calibrated and 
driven at 10 khz by a rubidium based atomic clock which 
has an accuracy of 0.1 x 10~^ sec over the duration of the 
observations. This accuracy was checked by calibrating 
the clock before and after the observations with a stand­
ard at the NASA - Jet Propulsion Laboratory in Pasadena, 
California. The incoming data for each event were stored 
in memory requiring one 16 bit word for each of the three 
pulse heights and two 16 bit words for the absolute time. 
This information was collected in a data buffer which was 
written onto magnetic flexible disk when it contained 
600 events. The program interrupt generated by a coin­
cidence event caused 5 ms of dead-time after each event. 
Also, the writing of the 600 event data buffer to disk 
generated 280 ms of dead-time. For the average event 
24 
rates at which we operated this corresponds to a dead-time 
loss of 0,5%. 
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VI. OBSERVING PROCEDURE 
During any atmospheric Cerenkov observation, the 
cosmic ray background must be measured or discriminated 
against in someway. In general, one of two basic proce­
dures is used depending on the nature of the source being 
observed. If a source varies periodically with a known 
period shorter than the time scale for changes in the 
background counting rate (this should be measured experi­
mentally), a tracking mode may be used in which the source 
is always kept in the field of view as it moves across the 
celestial sphere. Detection of the source is then con­
firmed by folding the data at the known period to form 
a light curve that is searched for variations from con­
stancy. If a source is relatively stable or if no period 
is known, the background of cosmic ray proton initiated 
showers must be measured directly. The simplest proce­
dure for doing this is called drift scanning. During a 
drift scan, the light receivers remain stationary while the 
diurnal motion of the source causes it to sweep through 
the field of view. The background is measured before the 
source enters the field of view and again after the source 
exits the field. 
Although the models for Cygnus X-3 predict the 
presence of a recently formed pulsar, no short period 
26 
pulsations have ever been observed in any of its elec­
tromagnetic emission. The 4.8 hour period previously-
reported at various wavelengths is much greater than the 
time scale for significant changes in the sky clarity. 
Therefore, Cygnus X-3 is most often observed in the drift 
scan mode and this method was used in the observations 
described here. 
Application of the drift scan procedure requires 
knowledge of the position on the sky of the source as a 
function of time. This was supplied by a computer gen­
erated ephemeris, which tabulated the altitude and azi­
muth of Cygnus X-3 as a function of the local time from 
the parameters : the date, the latitude and longitude of 
the observing site, and the right ascension and declin­
ation of the source, all supplied by the user. 
The duration of a drift scan in a given experiment 
depends mainly on the field of view of the light receiver 
being used. To some extent the counting rate which deter­
mines the statistical quality of the backround rate deter­
mination is a factor to be considered in choosing the 
length of the drift scans. Using the conversion factor 
that a source moves 1° in right ascension in 4 minutes, 
the rate at which Cygnus X-3 moves across the field of 
view is (1°/4 inin)*cos(declination) = 0?2/min, The field 
27 
of view of the experiment may be calculated from the 
parameters of the apparatus and is found to be 1,8° for 
the 8" photomultiplier used on one of the receivers and 
1° for the 5" photomultiplier used on the other. The 
effective field of view is expected to be slightly dif­
ferent from this because of the requirement that events be 
detected in coincidence. The effective field of view can 
be measured directly by measuring the coincidence counting 
rate as a function of the angle between the pointing di­
rections of the two receivers, T-he resulting function is 
called the decoherence curve. The decoherence curve for 
our apparatus is shown in Figure 5 . The rate is sharply 
peaked and has been fitted with a Lorentzian curve with 
a full width at half maximum of 1°5. This is interpreted 
as the diameter of the effective field of view. This 
corresponds to an observing window of approximately 7 
minutes duration. The background measurements were taken 
from regions at least 10 minutes before or after the 
transit of the source, and lasted an average of 12 minutes. 
During each night of observation, approximately ten 
drift scans were recorded. The observations were begun 
each evening as soon as the sky was sufficiently dark to 
safely operate the photomultipliers, and ceased at the 
onset of dawn. Further details on the procedures followed 
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Figure 5 . The decoherence curve for the PDTS receiv­
ers. The decoherence angle is defined as the 
angle "between the receiver axes. An estimate of 
the field of view of the system is made by fitting 
the curve with a Lorenzian function with a result­
ing full width of 1§5 
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during the course of the experiment and some changes in 
these procedures made after some initial testing are dis­
cussed in the following section. 
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VII. INITIAL TESTING 
The initial attempt to observe Cygnus X-3 with the 
apparatus described above was made from 25 June to 6 July, 
1981, During these observations, the data recording proce­
dure was slightly different than that which was subse­
quently used. The signal threshold on^each photomulti-
plier was set by adjusting the attenuator settings to keep 
the singles counting rate small for each receiver. The 
data recording program was activated by and recorded sin­
gle events as well as coincidence events. The original 
motivation for this was to attempt to discriminate against 
charged particle initiated events by studying the distri­
bution of signal pulse heights in the single and coinci­
dence events. Differences in the pulse heights for gamma 
ray events and charged particle events might be expected 
on the basis that the charged particle events are defi­
cient in electrons (i.e. efficient Cerenkov emitters) 
compared to the gamma ray events at relevant energies 
(Porter and Weekes 1977), The low coincidence rate that 
results reduces the statistical quality of the data. 
During the second series of observations from 29 August 
to 6 September, 1981, the signal threshold was considerably 
lowered. This resulted in an increase in the singles 
counting rate by a factor of approximately 10 with a 
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smaller increase in the coincidence rate. In this mode 
only the coincidence events were recorded onto flexible 
disk. The singles rates for the two receivers were scaled 
and recorded at five minute intervals. 
Several difficulties were encountered during the 
initial tests. Some of these problems involved the hard­
ware developed specifically for the experiment, but the 
most serious ones involved the light receivers themselves. 
The most serious problem encountered involved sys­
tematic errors in the drive mechanisms of the receivers 
which resulted in altitude dependent pointing errors as 
large as 1°, Since the field of view of the apparatus has 
a half cone angle of 0?75, an error this large might dis­
place the source completely out of the field of view. 
These pointing errors are of no consequence to the solar 
energy research because the pointing direction is servoed 
directly to the drive mechanism by a heat sensor at the 
focus which locks the receivers on the sun. Numerous 
attempts to determine the necessary corrections in altitude 
and azimuth for each receiver included: 1) searching 
for the maximum in the singles rates as a function of the 
pointing direction of each receiver during the passage of 
a bright star; 2) visual observation of the transit of a 
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bright star across the focal plane, and; 3) tracing the 
video image of a bright star from a single television cam­
era paraxially mounted on receiver A, as it transits the 
field of view. In each case, the position of the bright 
star is well-known as a function of time and this is com­
pared with the altitude and azimuth readings from the 
receiver drive console to determine the necessary correc­
tions. 
These methods proved ineffective in unraveling the 
nontrivial altitude dependent corrections, so that through­
out the June and July observations a nonnegligible point­
ing error is present. Due to the continuing attempts to 
determine the corrections and the various interim correc­
tions used, the errors are also time dependent. 
The proper alignment corrections were determined at 
the start of the second observing period in August, 1981, 
This was accomplished by mounting a second television 
camera on receiver B, Each camera was aligned with the 
axis of the corresponding receiver axis by sighting a dis­
tant light source and adjusting the camera mount until the 
video image of the source was positioned in the center of 
the video monitor screen. After the camera and receiver 
axes were well-aligned the receivers were pointed at a 
number of bright stars. Due to the pointing errors, the 
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the video image of the star was not in the center of the 
screen. The changes in altitude and azimuth which were 
necessary in order to bring the image to the center of the 
screen were precisely the required corrections. These 
corrections were determined for various altitudes by ob­
serving different stars at different times. The results 
are plotted in Figure 6 and Figure 7 for receivers A 
and B respectively. The points so determined were fitted 
with straight lines. The corrections were incorporated 
into the software which calculates the observing ephemeris. 
The resulting formulae for the corrected altitude and 
azimuth for each receiver are 
AZ^ = AZ* + (1.0 - 0.02*AlT*)/cos(AlT*) (la) 
ALT^ = AIT* + (0.008*ALT* - 0.64) (lb) 
AZg = AZ* + (1.02 - O.OU*ALT*)/cos(ALT*) (1c) 
AlTg = ALT* - 0.6 (Id) 
where ALT* and AZ* are the true altitude and azimuth of 
the source, in degrees. The alignment was monitored peri­
odically using the television camera system and was found 
to be reproducible to an accuracy of better than 0?1, 
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Figure 6 . Pointing corrections for receiver A 
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Figure 7 . Pointing corrections for receiver B 
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which is significantly better than the limiting angular 
resolution of the atmospheric Cerenkov technique. 
A second important problem which developed during 
the initial testing was a drift of a few percent in the 
photomultiplier gain. The problem was diagnosed as being 
due to temperature dependent changes in the resistance of 
the carbon resistors used to construct the photomultiplier 
bases. During subsequent bench testing variations of 
2-3% in the dynode to dynode voltages were observed during 
the first few hours after high voltage was applied to the 
bases. The problem was remedied by replacing the resistors 
with resistors of approximately 1/10 th the value of those 
previously used in series with zener diodes. This allowed 
the high voltage to be varied within ± 100 volts of the 
previous values while reducing the heating effects. 
The results of the first observing period from 
25 June to 6 July are shown in summary form in Figure 8. 
The number of counts per 2.5 minutes is plotted versus the 
time relative to the transit of Cygnus X-5 for each 0.1 
bin of X-ray phase. Prom the typical Poisson errors shown, 
it can be seen that no signal is evident at any phase. 
It is unclear whether the absence of a signal is physical 
or due to the technical difficulties discussed previously. 
At any rate « these data must be discarded. The remaining 
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discussion pertains only to the 29 August to 6 September 
observations. 
Before the August observations began, the focusing 
of one of the receivers was altered to essentially reduce 
the 11 meter diameter of the receiver to 5 meters. This 
reduced the coincidence rate by a factor of approximately 
four, all other things being the same. This erased part 
of the gain in coincidence rate obtained by lowering the 
signal threshold as discussed above. 
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VIII. CALCULATION 0? THE PHASE 
Our calculation of the X-ray phase of each drift 
scan is tied to the parameters of the X-ray light curve as 
determined by van der Klis and Bonnet-Bidaud (1981). The 
precise barycentric X-ray period is given as a function of 
time by 
P = Po + P*(T - TQ) . (2) 
The measured value of the period at Julian Day number 
Tq = JD 2440949.8986 1 0.0030 is P^ = 0.1996830 ± 4 x 10"? 
days or 4.792488 hours. The time derivative of the period 
• —Q 
is P = (1.18 ± 0.14) X  10" . These parameters give a 
period of 4.79249 hours as seen from the earth-sun bary-
center at the epoch cf our observations (JL 2444844.5 to 
JD 2444853.5). This period is sufficiently long that the 
Doppler shift due to the annual motion of the earth around 
the sun can be ignored when trying to correct to the ab­
solute barycentric phase (the motion introduces a maximum 
phase error of one part in 10^ in one cycle). However, the 
light travel time difference between the earth and sun can 
cause a phase error of up to 3% and so should be accounted 
for. The exact correction is time dependent, although it 
changes slowly, and is given by 
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phase correction = - (R / C P ) * C O S ( W )  ( 3 )  
where R is the distance to the sun at the epoch of inter­
est, P is the barycentric period of Cygnus X-3, c is the 
speed of light, and W is the angle, subtended at the earth, 
between the sun and Cygnxis X'-5. During the observing 
period, the mear. value of W was 125° and the light trav­
el time to the sun, R/c, was 499 seconds, giving a phase 
correction of 0,0156, 
The X-ray phase coverage is shown in Figure 9 for 
the 81 drift scans used in the final analysis, giving the 
number of drift scans performed during each 5% of the 
cycle. The phase coverage for phases 0.6 to 0,9 received 
approximately double the exposure of the other phases. 
This is due to the fact that observations were made for 
6 to 7 hours, about 1.3 cycles, each evening. The first 
drift scan of each evening was at approximate phase 0,6 
and the last at phase 0.9, so phases 0.6 to 0.9 were 
covered twice each evening. Since the number of cycles 
of Cygnus X-3 per day is nearly an integer (5), the 
phase does not change significantly relative to the local 
time from day to day. So the increased exposure accu­
mulates at phases 0.6 to 0.9 throughout the observations. 
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Figure 9 . Phase coverage histogram for the 
81 drift scans used in the final analysis» 
The phase was calculated froni the paraiu£t~ 
ers of van der Klis and Bonnet-Bidaud (1981) 
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IX. LATA ANALYSIS PROCEDURE 
During the course of the observations, approximately 
5 10 coincidence air shower events were recorded. Before 
searching the data for any possible signal from Cygnus X-3, 
some attempt must be made to eliminate accidental events, 
Cerenkov events from directions off the optical axes of 
the recsivsrs, and charged particle initiated Cerenkov 
events from the region of the sky near Cygnus X-3. The 
presence of these events in the data affect the calculated 
rates and alter the magnitude of any signal which may be 
found. 
The most vital information used for this purpose is 
the difference in the arrival time of the signals at each 
receiver. Ideally, the time difference t is a function only 
of the pointing direction of the receivers and the distance 
between them. Simple geometrical analysis shows that 
t = t^ + (L / C ) * C O S ( A Z  +  L 6°)*cos( A L T )  ( 4 )  
where t^ is the time difference from non-geometrical factors, 
L is the distance between the receivers, and c is the speed 
of light. The 16° factor in the cosine argument enters 
because the receivers do not lie on a north - south line, 
but lie instead on a line 16° vest of north. Tns arrival 
43 
time difference is recorded in the form of a digitized 
pulse height. The time to digital conversion was cali­
brated using pulses from a pulse generator to trigger each 
fast logic channel with a variable delay between the trig­
gers as determined by a delay generator. The calibration 
curve is shown in Figure 10, The slope of the linear part 
of the curve is the conversion factor needed to convert 
from recorded pulse height to time difference. Ideally, 
for a given drift scan the time difference should be the 
same for every event. Actually, the time differences form 
a nearly Gaussian distribution about the calculated value 
due to the presence of off axis events, differences in the 
rise times for signals from the two photomultipliers, 
fluctuations in the signals, and variations of the rate 
within the field of view due to the zenith angle dependence 
of the air shower rate. The accidental events have a 
uniform time difference distribution, A typical time 
difference distribution is shown in Figure 11 , 
The time difference or TAC distributions were found 
to be slightly skewed, with a more prominent tail on the 
side corresponding to shorter times or higher altitudes 
(smaller zenith angles). The zenith angle dependence will 
be discussed later, but we peint out here that the skewness 
of the TAC peak is consistent with the fact that an average 
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Figure 10 . Calibration curve for the time to dig­
ital conversion of the signal arrival time dif­
ference 
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Figure 11 . A typical TAC output pulse height dis­
tribution is shown 
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of A% more events come from the top of the 1.5° field of 
view than from the bottom of the field of view. 
The time difference information is used to discrim­
inate against the background as follows: A TAC pulse height 
range is determined which corresponds to the 1.5° field 
of view using equation(4) and events with TAG pulse heights 
outside this range are discarded as being accidentals or 
off axis events. The TAC pulse height range used in the 
remaining analysis was 50 channels wide and was centered 
on the calculated time difference value. In addition, the 
calculated rate should be corrected for accidental events 
whose TAC pulse heights happen to fall within the accepted 
range. This is accomplished by subtracting the estimated 
number of accidental counts per TAG bin from each rate bin. 
The corrected counting rate is found from the uncor­
rected rate and the estimated accidental rate R^, using 
the formula 
Rc = Ru " (50/n)*Ra (5) 
where n is the number of TAC channels used to estimate the 
accidental rate. 
Once the corrected event rate has been calculated, 
each drift scan is examined in detail for evidence of 
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real variations in the Cerenkov air shower rate that may 
not be associated with Cygnus X-3. Such variations might 
be caused by changes in sky clarity, or changes in the 
background light intensity due to terrestrial phenomena 
such as meteor showers, airplanes, and lightning. 
Four different tests were applied to each drift 
scan to detect variations in observing conditions. For 
each scan, the air shower rate for coincidence events was 
calculated in two background regions, before and after the 
transit of the source, and in the source region. The four 
tests applied were as follows: 1) The rate in ten second 
bins was used in a Poisson homogeneity test in which the 
mean rate is used to generate a theoretical Poisson proba­
bility curve. This curve was compared to the true proba­
bility curve (i.e. the occupation number vs. the number 
of counts) using the Chi-squared test. A drift scan was 
rejected from the analysis if the theoretical and 
measured distributions differed at the 5% level of signif­
icance. 2) The rate in thirty second bins was tested for 
uniformity with the Chi-squared test and a scan rejected 
if the hypothesis of uniformity could be rejected at the 
95% level. This test discriminates against variations 
occurring on time scales of from 5 to 10 minutes, the 
length of each of the three observing regions- 5) A 
drift scan was rejected if the count in any thirty 
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second bin departed from the mean rate by more than four 
(Poisson) standard deviations. This test should detect 
variations in the rate which last only a short period of 
time (i.e. lightning etc.). 4) The two background regions 
were compared and a scan was rejected if the two regions 
had rates which differed at greater than the 95% level 
under the Chi-squared test. This tests for overall 
upward or downward trends in the rate during the scan-
A total of 95 drift scans were recorded during 9 nights 
of observation and 81 of these passed each of the four 
tests described above. 
To determine if there is a gamma ray signal in the 
data, the ratio of the average rate while Cygnus X-3 is 
in the field of view to the average rate when it is not 
is calculated along with the standard deviation of the 
on/off ratio. 
In our analysis, the error in the measurement of 
the background is included in the calculation of the error 
on the ratio. This is consistent with previous ultra 
high energy gamma ray analyses (e.g. Danaher et 1981), 
and is equivalent to testing the hypothesis that the three 
regions are identical. 
The standard deviations on the on/off ratio for 
each drift scan were calculated in two different ways; 
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1) directly from the experimental data and 2) under the 
assumption that the rates are Poisson distributed. The 
average difference in the standard deviations derived from 
the two methods was less than 2%, so the Poisson errors 
were used for the remainder of the analysis. Since the 
standard deviations of individual drift scans are large, 
the data are displayed by calculating the average on/off 
ratio in a given phase bin to form the equivalent of an 
ultra high energy gamma ray light curve. 
During the initial data analysis, it was found that 
a 2nd magnitude star, gamma Cygni, which transited the 
field of view ten minutes before Cygnus X-3, was increasing 
the background level by an average of 3% in each drift scan. 
Therefore, the six minutes during which gamma Cygni was 
within the field of view were deleted from the analysis. 
This time is less than the seven minutes when Cygnus X-3 
is in the field of view because the star does not pass 
through the center of the field. Important additional 
evidence that gamma Cygni was actually detected is obtained 
from the zenith angle dependence of the air shower rate. 
The increased air shower counting rate observed while the 
bright star is in the field of view is caused by an in­
creased average anode current in the photomultipliers due to 
the vastly increased background photon density. 
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This lowers the threshold for air shower detection since 
the Cerenkov photon intensity 'rides' on the background 
photon intensity (i.e. a pulse is accepted if the inten­
sity of the Cerenkov light plus the "background light is 
greater than a given constant level, so if the background 
increases significantly, Cerenkov pulses of lesser inten­
sity will boost the sum over the discrimination level). 
The result of a lower threshold is an increase in rate. 
Since the atmospheric attenuation of star light is 
zenith angle dependent, the rate in the gamma Cygni region 
should have a somewhat stronger zenith angle dependence 
than during the rest of the scan, Figure 12 and Figure 13 
show the zenith angle variation of the rate averaged over 
all scans for all but the region about gamma Cygni and the 
gamma Cygni region respectively. Generally, the rate goes 
P C 
as cos * (Z) which is the same as has been found previ­
ously (Jelley 1967). In the gamma Cygni region, the rate 
falls as cos^*^(Z), supporting the claim of an artificially 
increased rate. 
The average on/off ratio in each 0,1 X-ray phase 
bin is shown in Figure 14. In eight of the ten phase 
bins, the on/off ratio is consistent with unity indicating 
that no gamma ray signal is present. In the phases from 
0,5 to 0,7, a signal is present with a combined statistical 
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Figure 12 . Zenith angle variation of the Cerenkov 
air shower counting rate for all data except 
that taken while gamma-Cygni was in the field 
of view 
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Figure 15 . Zenith angle variation of the average 
Cerenkov air shower counting rate for data 
taken while gamma-Cygni was in the field of 
view. The increased Z dependence indicates 
that bright stars affect the Cerenkov rate 
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significance of 4,2 standard deviations (3.1 and 2.9 
standard deviations in adjacent bins). The average sig­
nal in the two phase bins is 8.8% of the background cosmic 
ray rate. The position of this peak agrees with the max­
imum in the X-ray light curve (van der Klis and 
Bonnet-Bidaud 1981) and agrees with the 1980 observations 
of Danaher et (1981) above 2000 GeV after accounting 
for the different methods of phase calculation. The 
structure of the phase maximum is shown more clearly in 
Figure 15 where the average on/off ratio per 0.05 phase 
bin is plotted. The on/off ratios and corresponding stand­
ard deviations for the four phase bins between 0.5 and 0.7 
are 1.04 (0.7 s.d,), 1.12 (3.2 s.d.)» 1.09 (2.2 s.d,), and 
1.08 (1.9 s.d.), respectively. The number of drift scans 
used in the analysis with phases between 0.5 and 0.7 is 
23. Another way to gauge the strength of the ultra high 
energy gamma ray signal from Cygnus X-3 is to fit the 
summed rate with a background level plus a Gaussian corre­
sponding to the gamma ray signal. The 23 drift scans with 
phases between 0.5 to 0.7 are shown summed together in Fig­
ure 16, The vertical axis displays the total rate observed 
in the 25 scans during each minute while the horizontal 
axis shows the time relative to the transit of the source 
in minutes. This rate plot has been fitted by a Gaussian 
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Figure 16 . Total coincidence rate in counts 
per minute vs. the time relative to the 
transit of Cygnus X-5. a) The sum of the 
23 drift scans with phases between 0,5 and 
0,7. The rate is fitted with a Gaussian 
curve with height 10,9±2.5% of the "background, 
"b) The sum of the remaining 58 drift scans. 
The dotted portion of each plot is the 
interval when gamma-Cygni was in the field of 
view. These data were not used in any of 
the analyses 
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function of variable height and width, but constrained to 
be centered on the transit time. The best fit parameters 
give a height (i.e. a gamma ray signal) of 10.9 ± 2.5% 
of the cosmic ray background rate, corresponding to a 4-.4 
standard deviation detection of the source. The slight 
increase in the statistical significance is due to the 
fact that the fitting procedure corrects for the fact that 
Cygnus X-5 is not always in the center of the field of 
view. In the phase diagrams presented above* the signal 
was averaged over the field of view. The width of the 
Gaussian 'response function', defined as twice the standard 
deviation , is 7.5 minutes, which agrees with the size of 
the source region calculated from the physical parameters 
of the receivers and the value determined from the deco-
herence curve. The remaining 58 drift scans were summed 
in a similar manner and the results are shown in Figure 16. 
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X. THE ENERGY THRESHOLD AND GAMMA RAY FLUX 
There are no standard sources of ultra high energy 
gamma rays which can be used to calibrate atmospheric 
Cerenkov detector systems. The energy threshold of the 
detector system being used is the most vital quantity to 
determine in order to convert the observations made with 
that system into physical quantities describing the source 
such as the ultra high energy gamma ray flux and high 
energy spectra. 
The energy threshold for air shower detection de­
pends on the details of the shower development and the 
resulting Cerenkov photon yield. The Cerenkov photon yield 
at a given altitude above sea level, and for specific re­
ceiver area and recording electronics, is found from de­
tailed Monte Carlo calculations (Browning and Turver 1977). 
However, once the calculations are performed for one site 
the results can easily be scaled to estimate the photon 
yield at other sites for other detector systems» 
The minimum number of primary photoelectrons needed 
to produce a signal pulse above the discrimination level 
can be estimated as follows. The photomultipliers were 
operated at a pulse height threshold of 5 mV into 50 ohms, 
with a photomultiplier gain of approximately 10^, If the 
pulse integration time is taken as 5 ns, then from Ohm's 
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Law the number of primary photoelectrons in the pulse is 
50 1 5. Assuming a nominal combined receiver photomulti-
plier efficiency of 10%, this corresponds to a Cerenkov 
2 photon density of 12 photons/m for the 5.5 m diameter 
mirror (the one which was defocused). The most extensive 
Monte Carlo simulations of air showers have been made spe­
cifically for the 10 m receiver at the Fred Whipple Observ­
atory at an altitude of 2,3 km. The corresponding photon 
density at 2,3 km is 17.5 photons/m if the air shower 
develops at an altitude of 10 km (remember that the alti­
tude of the PDTS is 0.7 km). The photon density is 
appropriate to an energy threshold of 350 GeV at the zeniths 
The average zenith angle of our observations was approx­
imately 30°, so the average energy threshold under which 
we operated was 500 GeV (i.e. 350 GeV/cos^*^(30°)). 
The coincidence rate for true Cerenkov events was 
observed to be 60% of the single Cerenkov rate. Since the 
receivers are separated by 24 m, the estimated radius of 
the Cerenkov light pool is 24 m/0.4 = 60 m, corresponding 
to an effective collection area of 1,1 x 10^ m^. The 
average rate for coincidence events for the 23 drift scans 
in the phase maximum is 0,44 counts/sec. If the average 
gamma ray signal is 8,8%, the gamma ray detection rate 
is 0,055 photons/sec. This corresponds to a peak flux of 
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4 X 10*1^ photons/cm^-sec above 500 GeV or a flux of 
— 11 P 5 X 10" photons/cm -sec averaged over the 4.8 hour cycle. 
The energy threshold of 500 GeV derived above is 
consistent with the value obtained from knowledge of the 
cosmic ray backround spectrum as follows. The number 
spectrum of the high energy cosmic rays is known to "be 
given by 
N(E) -T 1.6 X 10*5 (2/10^ 2 2Y)-1 "6*^ .0  ^ (G) 
The observed rate of 0,63 counts/sec at the zenith gives 
an energy threshold of 350 GeV as found before, with a 
threshold averaged over zenith angle of 500 GeV, The energy 
threshold derived here is probably accurate to within a 
factor of two. 
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XI. DISCUSSION AND CONCLUSIONS 
The results of the analysis presented above indicate 
that the variable X-ray source Cygnus X-3 is a source of 
ultra high energy gamma rays (energies above 500 GeV) which 
are modulated at the same 4.8 hour period as the X-ray 
emission. Furthermore, the ultra high energy emission ex­
hibits a peak which is in phase with the X-ray, infrared, 
and 100 MeV emission, Like the 100 MeV emission, the ultra 
high energy emission is all confined to a region around 
the X-ray maximum centered at phase 0.6. The actual width 
of the phase maximum above 500 GeV is approximately 0.15 
to 0.175, and the average gamma ray signal strength in 
the peak is approximately 10% of the cosmic ray backround 
rate. 
Cygnus X-3 has been seen by three other groups using 
the atmospheric Cerenkov technique as was discussed in 
section III. 
The first detection was by the Crimean group in 
1972 (Vladimirsky et 1973). During six years of ob­
servation they found two narrow 0.06 phase width peaks in 
the emission above 2000 GeV. The stronger peak in their 
data occurred at the X-ray minimum, phase 0.0, while the 
secondary peak or interpulse occurred at the X-ray maximum. 
The 2000 GeV gamma ray signal observed was 4.5% of the 
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cosmic ray backround rate in the main peak and 2,2% in the 
interpulse. The corresponding flux is 2 x 10~^^ and 
9 X 10" photons/cm -sec for the main peak and interpulse 
respectively. 
Additional observations of 2000 GeV gamma rays from 
Cygnus X-3 were performed by the Russian group at 
Tian-Shan (Mukanov et a2. 1979), but they do not represent 
complete phase coverage of the 4.8 hour period, and will 
not be discussed here. 
In 1980, Danaher et, âi* (1981), working at the Fred 
Whipple Observatory at Mount Hopkins, Arizona, observed 
gamma rays with energies above ?000 GeV from Cygnus X-5. 
The phase histogram derived from their data displays a 
single peak at the phase of the X-ray maximum. The width 
of the peak is less than or equal to 0.1, with no evidence 
for emission at other phases. The 20 ± 6% signal represents 
— 10 P 
a flux of 1.5 X 10" photons/cm -sec in the peak or 
— 1 1 P 1.5 X 10" photons/cm -sec averaged over the cycle. 
Our current observations indicate a gamma ray signal 
of 11 ± 2.5% of the cosmic ray rate at the energy threshold 
of 500 GeV. This is based on 2.7 hours on the source as 
compared with 0.5 hours on source for the Danaher £t al. 
(1981) results. The flux above 500 GeV derived from our 
data is 4 X 10"^^ photons/cm^-sec in the peak and 
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8 X 10"^^ photons/cm^-sec averaged over the cycle. The 
emission is confined to X-ray phases 0,5 to 0.7. The 
width of the phase peak is wider than any of the previous 
results indicated and may be evidence that the ultra high 
energy emission of Cygnus X-3 is changing significantly on 
time scales of several months. This is supported by the 
variability seen at lower energies (see discussion in 
section III), and the correlation of a possible change in 
the 2000 G-eV luminosity (Week.es et aJ. 1981a) and an increase 
in the X-ray luminosity (van der Klis and Bonnet-Bidaud 
1981). 
If Cygnus X-5 lies at a distance of 10 kpc from the 
sun, the luminosity above 500 GeV is greater that 10^' erg/s. 
The variability of the emission and the large energy pro­
duction support the possibility that Cygnus X-3 is a rapid­
ly rotating neutron star in a binary system, Basko et al, 
(1974) proposed that the pulsar emits an X-ray beam 
rotating in a plane out of the line of sight- and showed 
that the flux and spectrum of the X-rays reflected from 
the companion star could account for the observations below 
10 keV, In this case, the X-rays would not be pulsed at 
the pulsar period. Because of the greater penetrating 
power of the gamma rays and the possibly wider emission 
angle (Sturrock 1971), the gamma rays may retain the 
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periodic character of the pulsar. Other models of the 
Cygnus X-5 system suggest different mechanisms for the 
radiation of the energy generated by the pulsar (Bignami 
et al, 1977; Milgrom and Pines 1978), All the models pre­
dict that the best opportunity to observe the expected 
pulses from the pulsar ]j ss at the very highest energies 
where the pulsed fraction of the emission is expected to 
be greater. The pulsed fraction is nearly unity at 
100 MeV for Cygnus X-5, as it is for the identified sources, 
the Crab and Vela pulsars. 
The 500 GeV data were searched for rapid pulsations, 
ivhen attempting to find short pulses from any source, dif­
ficulties arise due to the Doppler shift in the observed 
frequency of pulses induced by the annual motion of the 
earth around the sun. For Cygnus X-5, assuming a 4,8 hour 
orbital period, the situation is additionally complicated 
by the large Doppler shift's this induces. If the 
orbital period of Cygnus X-5 is 4,8 hours, the Doppler shift 
induced by this motion dominates other effects. The gamma 
ray detection rate during our observations was 0,06/sec 
in the phase maximum and may have been as high as 0.20/sec 
during some drift scans. At these rate», the shortest data 
stream which can be searched for 5 - 100 ms pulses is 
approximately two minutes (24 gamma rays total). Even for 
64 
time baselines as short as this, the orbital motion can 
cause a phase error as large as 50. An acceptable phase 
error that would still allow detection of the pulsations 
would be 0,1 to 0.2 depending on the phase distribution 
within the pulse. The phase error is given by-
phase error = (T/P)*(V/C) (6) 
where T is the duration of the data stream, P is the period 
of the pulsar, and v is the velocity of the source relative 
to the earth. The velocity v is a sinusoidal function of 
time v/ith a maximum of approximately 1,2 x 10~^*c using 
the parameters of the model of Bignami £t (1977). For 
a pulsar with period 5 ms to 100 ms and two minutes of data, 
the maximum phase error ranges from 30 to 1.5. So it 
appears that little chance exists for detecting the pulsar. 
The seven minute on-source region of each drift 
scan in the phase maximum of the 4.8 hour orbit was searched 
for rapid pulsations using the epoch folding technique. 
The data were folded at trial periods spaced so as to pro­
duce non-orbital (i.e. non-Doppler) induced phase errors 
less than 0.1. Each of the 23 drift scans was folded in 
30 second, 1 minute, 2 minute, and 7 minute sections, 
depending on the gamma ray detection rate in the individual 
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drift scans, at trial periods ranging from 5 ms to 
5 minutes. Although, several statistically interesting 
periods were found in various drift scans, none of these 
periods was produced by the folding procedure in more 
than a single scan, within the accuracy governed by the 
motion of Cygnus X-3 relative to the earth (the maximum 
variation of the true period due to these motions is 
about 0.1%). A true periodicity chou'id show up in several 
drift scans, if it were seen in any one of them. 
If the gamma ray detection rate could be increased 
and significantly more data obtained, the data might be 
fitted to a sinusoidally varying period in an attempt to 
reconstruct the parameters of the binary orbit. The 
amplitude of the sinusoid would be the true pulsar period. 
Increasing the size of the data base and improving its 
statistical quality are the motivations for two changes 
planned for future observations. We should be able to 
reduce the background produced by scattered light by in­
stalling conical shades on the photomultipliers to effec­
tively restrict the field of view of the photomultipliers 
to the mirror surface. The shades will extend two to 
four feet from the face of each photomultiplier and will 
be constructed of nonreflecting material . A second and 
much more advantageous change involves the addition of 
66 
a second photomultiplier to each light receiver. The 
second set of photomultipliers will view the mirror off 
the optical axis to detect Cerenkov pulses from a region 
of the sky away from the source. This will allow the back­
ground rate to be measured simultaneously with the observa­
tions of the source. The observing mode will then be 
changed from drift scanning to tracking of the source with 
a factor of six increase in exposure. If it is possible 
to have receiver A properly focused for future observations, 
an additional increase in the event rate of a factor of 
four should be expected. If all these changes are insti­
tuted, an increase in the size of the data base of 2000% to 
3000% is expected for the next observing period. 
Additional observations of Cygnus X-3 will be made 
during the summer of 1982. Another source, the Crab pulsar, 
will also be attempted and prospects for its detection 
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PART II. PROPERTIES OF THE GALACTIC 
GAMMA RAY SOURCE POPULATION 
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I. INTRODUCTION 
The observations of high energy gamma rays from the 
galactic plane by the SAS-2 (Hartman et 1979) and COS-B 
(Mayer-Hasselwander et 1982) satellites have firmly 
established the existence of several localized sources of 
gamma rays. Most of these sources lie within approximately 
1° of the galactic plane and thus represent a galactic 
population. Observations at medium galactic latitudes 
(5° to 15°) indicate that there is also a truly diffuse 
component of the galactic emission as well, as one expects 
to be produced by the interactions of the cosmic rays with 
interstellar gas and dust (Pichtel et 1978; Bignami 
1981). The relative importance of the contributions from 
the localized or discrete sources, and the diffuse component, 
to the total gamma ray flux is not well known. The limited 
angular resolution of gamma ray telescopes (greater than 
1°) does not allow intrinsically weak sources or very 
distant ones to be resolved against the diffuse background. 
It is very desirable to decouple the two components in 
order to help determine the nature of the discrete sources. 
In addition, a reliable estimate of the diffuse gamma ray 
flux is a valuable tool for cosmic ray astrophysics since 
presence of high energy photons implies the presence of 
even higher energy particles« 
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Numerous studies have been made to interpret and 
explain each component. In general, each component has 
been studied separately. The nature of the discrete com­
ponent has been investigated using a number of methods 
including: 1) Positional and distributional coincidence 
with other galactic disk populations such as molecular 
clouds (Lebrun and Paul 1978; Casse and Paul 1980; Li and 
nolfendale 1981a, ISSIb), supernova remnants (Lamb 1978a, 
1978b), and 0-B star-supernova remnant associations 
(Montmerle 19 79); 2) Statistical extrapolation from the 
properties of the observed sources (Bignami, Caraveo, and 
Maraschi 1978; Protheroe et al. 1979; Riley 1981; Salvati 
and Massaro 1982); 3) Limits on the galactocentric distri­
bution and luminosity function of the sources have been 
obtained from their log(N> S) vs. log(S) plot by Rothenflug 
and Caraveo (1980) and by Bignami and Caraveo (1980); 
4) In addition, there have been numerous attempts to ident­
ify the gamma ray sources at other wavelengths (i.e. radio, 
optical. X-ray) by surveying the quoted gamma ray eraor 
boxes, but these efforts have met with little success. 
The origin and large scale structure of the diffuse 
emission have been studied by two basic methods. 1) If a 
specific assumption about the form of the coupling between 
the galactic cosmic rays, the interstellar matter, and the 
galactic magnetic fields is made, the flux expected to be 
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observed as a function of galactic longitude can be calcu­
lated and compared with the observed flux (Paul et al. 
1976; Kniffen ejt 1977). Excellent agreement with the 
data is obtained by this method, but it does not provide 
a unique solution since quite different assumptions as to 
the degree of coupling between the various constituents 
can reproduce the observations equally well (Paul et al. 
1976). 2) The observed longitude flux profile can be 
used to derive the galactocentric gamma ray emissivity 
distribution using a geometrical unf&lding technique 
developed by Puget and Stecker (1974) and Strong (1975). 
The SAS-2 data in final form have been unfolded by 
Caraveo and Paul (1979) and the COS-B data unfolded by 
Mayer-Hasselwander et (1982). This technique also 
reproduces the observed flux profile very well, but spe­
cific assumptions about the azimuthal dependence of the 
emissivity must be made. These methods do not directly 
address the unresolved discrete source contribution to the 
total emission. 
In this work, many of the methods of analysis dis­
cussed above are used to probe the large scale properties 
of the discrete source component. In particular, an 
analytical method is developed for calculating the frac­
tion f of the total galactic gamma ray emission above 
70 MeV that originates in the COS-B-like sources. Various 
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statistical arguments give estimates for f ranging from 10% 
(strong et 1977) to virtually 100% (Coe ^  1978). 
Presently, the results of COS-B provide a rather complete 
picture of the galactic disk in gamma rays with energies 
between 70 MeV and 5 GeV. These results agree well with 
the earlier observations from SAS-2 (Simpson 1980), In 
the following analysis the COS-B longitude flux profile is 
unfolded to give the galactocentric emissivity distribution. 
Then, under specific assumptions about the relation between 
the distributions of the discrete and diffuse emissivity, 
the fractional contribution of each component to the total 
emission can be found as a function of the average source 
luminosity, Î, Although the luminosity function of the 
gamma ray sources is not known, it will be seen that f is 
nearly independent of T over the likely range of values 
for T , so f is quite well-determined by the procedure. 
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II. THE TOTAL EMISSIVITY DISTRIBUTION 
The galactocentric distribution of gamma ray emis-
sivity above 100 MeV has been derived from the SAS-2 data 
by Strong and Worrall (1976) and by Caraveo and Paul (1979) 
using the geometrical unfolding technique. Here, the 
unfolding is repeated using the results of COS-B for the 
energy range 70 MeV to 5 GeV (Mayer-Hasselwander ejt al. 
1982). 
The basic procedure is described in detail by 
Strong (1975) and by Caraveo and Paul (1979). Briefly, 
the galactic disk is divided into concentric rings with 
the emissivity on each ring assumed to be constant. This 
implies azimuthal symmetry in the resulting distribution 
which is a reasonably good assumption as long as the width 
of the rings is sufficiently large to smooth out fluc­
tuations (minimum thickness of about 500 pc). It is 
also necessary to specify the dependence of the emissivity 
on the distance from the galactic plane and the thickness 
of the disk. Then, the total flux observed in any longi­
tude bin is calculated from the contributions from each 
ring summed along the line of sight. In previous unfold­
ing analyses, the object has been to derive the distribution 
of the diffuse emissivity, so care was taken to remove the 
flux contributions due to the observed (i.e. resolved) 
discrete sources which tend to distort the unfolded 
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distribution. In the present case however, we are attempt­
ing to study the discrete component of the emission in 
particular. If the observed flux contribution from the 
observed sources were discarded, the unfolded emissivity 
distribution would be biased towards regions more distant 
from the sun than about 4 kpc (this is the estimated mean 
distance to the observed sources (Bignami and Caraveo 
1930 )), In order to avoid this, the flux from each 
observed source is smoothed out over several degrees cen­
tered on the source. The emissivity is taken to be uni­
formly distributed perpendicularly to the plane of the 
disk. Inside the 10 kpc solar circle, the disk is assigned 
a half-thickness of 120 pc, which increases linearly to 
150 pc between 10 kpc and 12,5 kpc. Beyond 12,5 kpc, the 
emissivity is assumed to be zero. The thickness is larger 
than that quoted for the gas disk (Guibert et al. 1978), 
but is consistent with the value derived from analysis of 
the galactic latitude distribution of the COS-B data 
(Mayer-Hasselwander ejb 1982), The radius of the gal­
axy, 12,5 kpc, is the value used by Caraveo and Paul in 
their unfolding analysis and is the maximum radius of the 
molecular hydrogen disk (Guibert et a2, 1978; Burton and 
Gordon 1978), 
The large statistical errors inherent in gamma ray 
observations due to the small flux imply errors on the 
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unfolded distribution. Since these errors are also quite 
large, it's imperative that they be reliably estimated. 
This is accomplished using a Monte Carlo simulation pro­
cedure as follows: For each flux value in the data set 
(and its corresponding one standard deviation error) a 
new flux value is randomly generated assuming a Gaussian 
distribution whose mean is the original flux value and 
whose standard deviation is the corresponding error. In 
this way, an auxiliary data set is created, which can be 
unfolded to give a new emissivity distribution. This 
procedure is repeated, generating a large sample of distri­
butions for which standard deviations may be calculated. 
The results of the unfolding analyses are presented 
in Figure 1? . The regions in which the galactic lon­
gitude is less than 180° and greater than 180° are 
analyzed separately. The most prominent feature of the 
unfolded emissivity distribution in each half of the gal­
axy is a gradual increase in intensity towards the galactic 
center, reaching approximately 5 times the local value at 
5-6 kpc and then remaining nearly constant to the center. 
There is also an indication of a ring of increased emis­
sivity at a radius of approximately 4-6 kpc. The large 
errors make interpretation of this feature difficult. 
Comparing these results with previous unfolding analyses, 
we find compatibility (within the quoted errors) with the 
Figure 17 . The relative gamma ray emissivity 
as a function of galactic radius derived from 
the COS-B observations using the geometrical 
unfolding technique. The emissivity on each 
side of the galactic center is assumed to be 
cylindrically symmetric and each side is 
analyzed separately, a) 0^ 1-^ 180° , 
b) 1800^ 1-= 3 60° 
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relative eiaissivity distribution found by the COS-B group 
(Mayer-Hasselwamder et 1982) using somewhat different 
assumptions and normalization procedures. When compared 
with the analysis performed by Caraveo and Paul (1979) on 
the SAS-2 data, the present results indicate a somewhat 
lower intensity throughout the disk (approximately 30% 
lower for the parameters they used). Our results provide 
little evidence for strong correlation between the gamma 
ray emissivity and galactic spiral arms, However, it 
should be remembered that the procedures adopted here were 
designed to reveal large scale structure only, and. any 
correlation with spiral structure or gas density fluc­
tuations (i.e. clouds) on a scale less than about 1 kpc 
would be washed out. 
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III. THE DISCRETE SOURCE CONTRIBUTION 
To derive the absolute emissivity distribution from 
the relative emissivity distribution derived in the pre­
ceding section, we will require the value of the total 
gamma ray emissivity near the sun, e^ (lO kpc). The value 
of e^ (lO kpc) must include both the diffuse and discrete 
source contributions, each of which is difficult to esti­
mate. AlsO; to decouple the two components some assump­
tion must be made about their relative intensities as a 
function of galactocentric distance. In the remainder 
of this analysis, the assumption is made that the discrete 
source emissivity is directly proportional to the diffuse 
emissivity (and thus also proportional to the total emis­
sivity) at each point in the galactic disk, i.e.. 
where e(r) is the relative emissivity derived in section 
II, f is the fraction of the total emissivity due to 
discrete sources, eg(r) is the discrete source emissivity 
distribution, e^ r^) is the diffuse emissivity distribution. 
eg(r) = f*e^ (lO kpc)*e(r) (1a) 
and 
e^ (r) = (1-f )*e,j,( 10 kpc )*e(r) ( l b )  
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and e^ (r) = eg(r) + e^ r^) is the total emissivity distri­
bution. 
The assumption of proportionality between e^ fr) 
and eg(r) is motivated by the following considerations: 
1) The work of Paul et al. (1976) and Kniffen et (1977) 
has demonstrated that the diffuse emission can account for 
essentially all of the observed gamma ray flux if the prop­
er degree of coupling between matter and cosmic rays is 
assumed. This indicates that the diffuse emissivity is at 
least proportional to the total emissivity, if not equal 
to it, at least on a coarse scale, 2) Recent work by 
Li and Wolfendale (1981b) shows that possibly 55% of the 
apparently discrete gamma ray sources observed by COS-B 
may actually be extended molecular clouds which have been 
irradiated by the ambient cosmic ray flux. (As discussed 
above, if the angular size of a source is less than a few 
degrees it cannot, in general, be distinguished from a true 
point source.) If many of the COS-B sources are indeed 
molecular clouds, then it is reasonable to assume that the 
discrete sources are distributed spatially similarly to 
to the matter in the galactic disk, which in turn is pro­
portional to the diffuse emissivity (or some power of the 
diffuse emissivity) in most models (e.g. Kniffen et al. 
1977). 
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Given eq, (1), the task is now to estimate f as 
reliably as possible. This can be done analytically using 
a method similar to that of Bignami, Caraveo, and 
Maraschi (1978). In this procedure, the total number of 
sources which should be observed by COS-B (i.e. those 
above a given flux limit) is calculated as a function of 
the average source luminosity and their galactocentric 
distribution. If T> is the average source luminosity, 
then the number of sources observed is 
Ho = L-1* eg(r)dV , ( 2 )  
or from eq. (1) 
No = f*(1-f)"1*î"'1 *6^ (10 kpc)* e(r)dV .(5) 
The integral is taken over that volume of the galaxy which 
lies within a distance d^ ^^  of the sun. d^ ^^  is the 
maximum distance at which a source of luminosity T would 
be resolved by the COS-B satellite, and is determined from 
M^AX = / 4 *S)^ , S is the flux limit for source reso­
lution taken as 1,5 x lO"^  photons/cm^ -sec within 60° of 
—7 2  the galactic center, and 6,0 x 10~ photons/cm -sec out­
side this region (Bignami et 1978), We assume an 
average photon energy of 250 MeV. 
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The value of the quantity N^ fl-fï/f is shown in 
Figure 18a, as a function of L . The value of the local 
emissivity due to diffuse processes used is e^ l^O kpc) = 
1.0 X 10"^  ^erg/cm^ -sec (Kniffen et 1976; 
Schlickeiser and Thielheim 1977). The total gamma ray 
luminosity of the galaxy is equal to the value of X when 
N_(l-f)/f becomes zero. The result is L^ otal = 
*Z p 
8 x 1 0  e r g / s e c  f o r  t h e  e n e r g y  r a n g e  f r o m  7 0  M e V  t o  5  G e V .  
The COS-B catalog as presented by Wills et al. (1980) 
lists 26 low latitude (i.e. galactic) gamma ray sources, 
which appears to be an upper limit for (Swanenberg 
et al. 1981). In Figure 18b, this value of is used 
with Figure 18a to find f as a function of The most 
interesting feature of this plot is that f is nearly 
independent of % for average luminosities less than about 
10" erg/sec, which is well above the expected value of î , 
So the value of f is well-determined by the analysis, 
though T is not well-known. If the luminosities of the 
sources lie between 5 x 10^  ^erg/sec and 1 x 10^ ° erg/sec 
as suggested by Rothenflug and Caraveo (1980), with a 
luminosity function dN/dL = K*L~'' , then L = 3 x 10^  ^erg/sec 
and f = 30%, The average luminosity of the two positively 
identified galactic sources, the Crab pulsar (KP0532) 
(L = 7 X 10^ 5 erg/sec) and the Vela pulsar (NP0833) 
(L = 1,6 X 10^ 5 erg/sec) is 4,5 x 10^  ^erg/sec, in agree-
Figure 18. Relationships between the source pa­
rameters, a) The number of observed COS-B-
like gamma ray sources in the galaxy 
multiplied by the ratio of the diffuse 
emissivity to the discrete emissivity 
(this ratio is assumed to be constant), 
vs. the mean source luminosity Î. 
b) Using Nq = 26 as an upper limit, the 
value of f, the fraction of the total 
emission originating from discrete sources, 
is given as a function of L 
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ment with the value used here. The total luminosity of 
•z Q 
all galactic sources is ~  ^ erg/sec. 
Note that this value is also essentially independent of 
I and the luminosity function of the sources. 
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IV. DISCUSSION 
The properties of the galactic gamma ray source pop­
ulation derived here are independent of any hypothesis 
about the intrinsic nature of the individual emitting ob­
jects, requiring only assumptions about their large scale 
distribution, and that the emission from each source be 
consistent with the criteria established for 'point' 
sources in the COS-B data (Hermsen 1980). The similarity 
between the galactic distribution of the gamma ray sources 
and other extreme disk population objects suggests that 
the gamma ray sources are physically associated with some 
subset of these objects. The sources which have been 
identified with objects seen at other wavelengths are the 
Crab and Vela pulsars (Kniffen et 1974; Thompson et al, 
1975; Bennett et 1977) and possibly Rho-Oph, a local 
interstellar gas complex (Mayer-Hasselwander et 1982; 
see also Bignami and Morfill 1979). The variable X-ray 
source Cygnus X-5 was seen by SAS-2 (Lamb et a2. 1977) but 
was not seen by COS-B (Bennett et al. 1977). Cygnus X-3 
is believed to be a pulsar in a binary system (see Section 
III of Part I of this thesis for a more complete descrip­
tion of Cygnus X-3). From these identifications we see 
that the COS-B sources are probably not of a single type, 
but rather a combination of gamma ray pulsars, molecular 
clouds irradiated by cosmic rays, and other objects (Li 
84 
and Wolfendale 1981b: Salvati and Massaro i982). This is 
made more convincing by the remarkably similar galacto-
centric distribution of pulsars (Seiradakis 1976), molec­
ular clouds (Cesarsky et 1977), and the galactic 
gamma ray emissivity as derived in the unfolding procedure. 
Under the assumptions made in this work, the total 
gamma ray emissivity of the galaxy between 70 MeV and 
5 GeV is found to be 8 x 10^ ® erg/sec. The total 
luminosity found in previous analyses ranges from 
5 X 10^ ® erg/sec (Caraveo and Paul 1979) to 1 x 10^  ^erg/sec 
(Mayer-Hasselwander et al, 1982), This value is directly 
proportional to the value of the local emissivity due to 
diffuse processes, e^ l^O kpc), that was used in the analy­
sis, Approximately 30% of the luminosity originates 
from discrete sources similar to those observed by COS-B 
if reasonable assumptions about the source distribution 
are made. This fraction is nearly independent of the 
luminosity function of the sources. Indeed, these res"ults 
would be unaffected even if the gamma ray sources are a 
combination of several populations, each with a different 
luminosity function, so long as each population is 
spatially distributed similarly to the others. The total 
number of COS-B-like sources in the galaxy is strongly 
dependent on their luminosity function. The total number 
ranges from 500 for dN/dL = const, to 800 for dN/dL = KL~^  
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for a luminosity range 5 x 10'' erg/sec to 1 x 10'" erg/sec. 
Recently, the CG catalog has been revised, applying 
more stringent criteria for source acceptance, in which 
the number of low latitude sources is reduced to 22 
(Swanenberg et a2. 1981). This value of reduces the 
value of f proportionally to approximately 25%. 
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V. CONCLUSIONS 
We have developed a procedure to estimate the con­
tribution to the galactic gamma ray emissivity by discrete 
sources under the assumption that the sources are dis­
tributed spatially like the total emissivity, but without 
regard to the nature of the individual sources. 
From the analysis presented above, we give esti­
mates of the parameters: 1) the total gamma ray lumin­
osity of the galaxy in the range 70 MeV to 5 G-eV is 
T^OTAL = ° ^ 10^ ® erg/sec; 2) the fraction of the total 
emission which is due to discrete sources as defined by 
Wills et al. (1980) and Swanenberg et a2. (1981), f = 25-30% 
corresponding to a total source luminosity of 
Lg = 2,5 X 10^ ® erg/sec; and 3) the total number of 
sources in the galaxy is approximately 800 if the average 
sources luminosity is 3 x 10^  ^erg/sec. 
The estimated value of f is largely independent of 
the luminosity function of the sources. This luminosity 
independence is a direct consequence of the disk-like 
geometry of the galaxy, but the fact that H falls in the 
region of constant f values provides fundamental infor­
mation about the source population. 
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